Abstract-DC switchgear using gas circuit breakers (CBs) in parallel to a LC-resonant path is used for decades already. This "passive oscillation" topology relies on negative damping of the oscillating current made possible by the fact that the voltage drop over the CB decreases with increasing current. This concept is cheap and reliable since it does not require any active components besides the mechanical breaker. However, the achievable breaking times and maximum interruptable current amplitude highly depend on the u(i) characteristic of the axially blown arc inside the breaker. Improvements to the breaking chamber could move the maximal breakable current to higher values and reduce the time to current zero. Analyzing which parameters influence the arc voltage is crucial for this optimization. Knowing which axial segments contribute how much to the total arc voltage enables a deeper understanding and possibilities to improve performance. Direct measurements of voltages inside the nozzle of a CB are not feasible; therefore, an indirect method was developed. The contact positions in a model CB were varied systematically, and by evaluating the u(i) curves of 13 different configurations, the voltage drop of eight segments of 2 cm length was calculated. It is shown that most of the voltage drops over the converging nozzle part, where gas density and acceleration is high. These segments also exhibit beneficial behavior with du/di being negative. The method was validated by comparing the extracted results with suitable direct measurements.
I. INTRODUCTION

R
ECENT developments like the installation of HVdc circuit breakers (CBs) in the ±200-kV five-terminal network of Zhoushan, and other projects that are currently designed and constructed, show the growing need for HVdc switchgear [1] . Much research is done on HVdc CBs that can clear steeply rising fault currents in well below 10 ms. However, those devices are expensive, both economically due to a large amount of power semiconductors, as well as regarding footprint in substations or converter halls, cooling requirements, and so on. The joined working group A3/B4.34 of CIGRE shows in their technical brochure there are many switches aside from CBs with less demanding duties [2] . For many of those tasks, where speed is not crucial, less complex designs can be used. These tasks include the metal return transfer switches, as well as other switchgear that has to Manuscript received April 30, 2018; revised August 29, 2018; accepted October 9, 2018. Date of publication December 7, 2018 ; date of current version January 8, 2019 . This work was supported by ABB Switzerland. The review of this paper was arranged by Senior Editor K. W. Struve.
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Digital Object Identifier 10.1109/TPS.2018.2880950 interrupt the nominal current against a high recovery voltage, but does not have to interrupt rising fault currents. Possible use cases also include deparalleling of long lines or deactivating one line in a meshed dc grid. Passive oscillation dc switches are used already for those cases. These use a mechanical gas CB in parallel to an LC-circuit. Given that the arc voltage is decreasing with increasing current, a circulating current oscillation will get amplified until there is a current zero (CZ) crossing in the breaker [3] . The amplification is directly determined by du/di of the arc, which must be a negative value. This behavior of falling voltage with rising current is generally a feature axially blown arcs has but the mechanisms which cause this are not well understood yet. Previous work by Walter [4] and Walter et al. [5] showed that improving the arc behavior can lead to big performance gains. To gain more insights, it is valuable to determine the voltage distribution along the axial direction during the high-current phase. Moreover, it can be analyzed if all axial segments show a negative differential resistance du/di , and to which extend the arc voltage is created in which axial segment. With this knowledge, it should be possible to improve the breaking chamber-and with it u(i ) characteristics-so that the breaking capacity can be increased. Both in terms of peak current, as well as in reducing the fault neutralization time.
Research which characterized the static u(i ) curve of axially blown arcs was already started half a century ago, extensive work was done by Tuma and Lowke [6] and Hermann et al. [7] . The black-box models of Mayr [8] and Schwarz [9] are also still valuable tools, despite their age. More recently the work of Hoffacker [10] showed an indirect method to capacitively measure the voltage drop of different axial arc segments around CZ, using capacitive voltage probes built into the nozzle wall. However, not much work on the axial electric field distribution during the high-current phase is known to the author.
Arcs are a phenomenon with strong fluctuations, which makes it nontrivial to determine a numerical voltage value. Multiple measurements under identical conditions are needed to ensure repeatability. Using the average and standard deviation is misleading since the scatter is far from normal distributed. To determine the u(i ) relationship, the more robust median is used and the arbitrarily chosen 5-and 95-percentiles are used to quantify the fluctuations. This is motivated by Schmid and Huber [11] and described in more detail in [12] .
The research presented in this paper does not include measurements of a full passive oscillation switch, but a current is forced through the CB that is independent of the arc voltage.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Therefore, no direct conclusions can be drawn regarding the influence of the oscillations on the amplification. However, the author believes that not only the average (or median) voltage is important but also the probability for random excursions. If the arc voltage randomly increases during the half cycle of increasing current, the oscillation would be damped instead of amplified due to the fluctuation. Therefore, a "good" u(i ) characteristic would have a strongly negative du/di , and very little difference among 5-, 50-and 95-percentiles, i.e., no random fluctuations. The experiment setup used allows an independent control of different parameters of the model circuit breaker, in order to assess which parameters can be altered to positively influence the arc characteristics. The nozzle can be easily changed, as well as the contact positions. The sonic axial gas flow is created independently of the contact movement by releasing pressurized gas into the nozzle.
For this paper, the nozzle geometry and the blowing conditions are kept constant at values where there is little ablation, and the gas flow is dominated by the inlet conditions only. The reservoir pressure (9 bar abs.) is always higher than the nozzle inlet pressure (8 bar abs.), which is again higher than the pressure at the nozzle throat (4 bar abs.) and the nozzle exit (1 bar abs.). Those values do not change much during the period of interest (roughly 10 ms during which the current is ramped up and down). They are mainly measured to verify there is no backheating, and the flow is dominated by the forced gas flow. The axial position of the arcing electrodes inside the nozzle is systematically varied. This allows the determination of the axial electric field distribution in this particular nozzle. Besides the application for passive oscillation dc switchgear, the method and results can also be applied to arcs in ac CBs.
II. SETUP
The setup used is shown in Fig. 1 . It is a model CB that differs from commercial gas CBs in a number of aspects. First of all, the geometry is single flow, with gas entering at left, and exiting at the right in the figure. The upstream and downstream contacts are both thin pins of 5 mm diameter made from copper tungsten. This contact geometry was chosen to ensure that the presence of a pin in the nozzle throat does not change the fluid dynamic cross section significantly.
The gas inlet is from eight pressure bottles equipped with fast-acting valves. They are arranged radially around a mixing volume, where the flow of the eight bottles is combined. This setup allows to control the blow pressure independently of any piston movement by filling the bottles before each test to the desired pressure. The exhaust of the nozzle goes directly to the atmosphere, which restricts the gases that can be used and ensures 1 bar abs. exhaust pressure. All the measurements described in this paper were performed with dry air with a pressure of 8.2 bar abs. at the nozzle inlet.
The nozzle has a simple geometry, as shown in Fig. 1 . The inlet diameter is 50 mm and the throat diameter is 20 mm. The converging section is conical with a half-angle of 15 • , while the diverging half-angle is 10 • . The nozzle material is polymethyl methacrylate, since it is transparent and allows optical observation of the arc with a high-speed camera.
The downstream contact is mounted to a pneumatic actuator for movement. This is used to initiate the arc, as already described in [4] , [12] , and [13] . During this opening process, a small "precurrent" of 50-200 A is applied, and the valves for the blowing are triggered to open. After about 70 ms, the contact reaches the final position, and the inlet pressure reaches a steady value. After this, the "main current" is applied by the flexible pulsed dc current source [14] . The upstream electrode is the cathode, the downstream contact the anode. All the results discussed in the following are recorded during this main current phase, where the gas flow is steady, and the contacts stationary. The stationary positions of the contacts can be adjusted, and their coordinates are referenced throughout this paper according to the nomenclature in Fig. 1 . The nozzle throat is always at position 105 mm, the upstream contact position is varied between 35 and 135 mm, the downstream contact position between 115 and 195 mm. All combinations are shown in Fig. 2 .
The quantities measured are arc current, arc voltage, and gas pressure at three locations. Current is measured with a high-bandwidth current sensor prototype, similar to the one described in [15] . Arc voltage is measured by commercial 1:100 probes. To ensure only the arc voltage is measured, and not resistive or inductive voltage drop on the cables, two probes are attached to the contacts as close to the nozzle as possible, and their signal is subtracted from each other in postprocessing. Great care has to be taken to minimize inaccuracies in the measurement system. In the setup used, it proved best to connect all equipment to one central earthing point and avoid any ground loops. Especially, the oscilloscope reference ground is important to define. Isolating it from the mains earth via an isolation transformer and connecting it only to one central, well-defined earth point is crucial when using a source which produces transients due to semiconductor switches (see [14] ).
III. METHOD
The surroundings in which the arc burns inside an axially blown CB vary greatly with the axial position. In the presented setup, the pressure and gas density drop by a factor of two from the inlet to nozzle throat, while the velocity increases from below Mach 0.2 to Mach 1. In the diverging section, pressure drops even more rapidly from 4 bar abs. to below 1 bar bs. These changes likely have a strong influence on the arc voltage in the different axial segments. In order to understand which axial segment of the arc in a converging-diverging nozzle contributes how much to its u(i ) curve, it is necessary to determine the voltage drop of individual arc segments. The model CB available has adjustable electrodes, which enables measurements with varying arc lengths and positions inside the nozzle. Unfortunately, it proved to be difficult to measure configurations where the downstream electrode is upstream of the throat (i.e., β < γ). The arc root does not stay on the tip of the contact, but moves downstream along the electrode, elongating the arc by several centimeters. This made it impossible to determine the arc voltage as a function of axial position by direct measurement, as shown in Fig. 3 . The setups with 0-and 60-mm arc length have almost identical arc voltages. Instead, the positions of upstream and downstream contacts were varied independently in steps of 20 mm, while always keeping β > γ . In this section, a differential method is explained that still allows the determination of the voltage drop of the upstream arc segments.
A. u(i ) Characterization of One Test
First, the arc of one particular contact configuration is characterized by its u(i ) curve. To determine this voltagecurrent characteristics of one configuration, the following steps are done, as partly described in [12] . The current applied to the model CB during the "main current" pulse rises roughly linearly from 150 to 1600 A in about 4 ms, and falls linearly back to zero in another 4-6 ms in all cases. The range 150-1650 A is split into 10 bins of 150 A width, which are referenced to by their central value in all figures throughout this paper. This means a data point labeled "median voltage" at 225 A corresponds to the median voltage of all points in time during which the current was between 150 and 300 A. The lowest bin 0-150 A was not evaluated. On the rising edge of the current, this is lower than the precurrent. On the falling edge of the current, the height of the extinction peak voltage is strongly influenced by external factors, like remaining charge in the source's capacitors.
For each configuration, two tests with identical settings are performed and their data are combined into a single set. This is a compromise between having many identical tests, to ensure repeatability, and having as little as possible, to avoid changing the conditions due to excessive nozzle wear. The binning algorithm determined the points in time where the bin boundaries are, and the median, as well as the 5-and 95-percentiles of the arc voltage, for each bin. Two examples are shown in Figs. 4 and 5. Previous work already showed different behaviors for different segments, namely, more random fluctuations in the upstream region [12] . This evaluation was performed for all configurations. It can be clearly seen that the voltage should not be described by traditional mean value and standard deviation, because the processes are not Gaussian distributed. Especially, for the lower current values, the 5-percentile is closer to the median than the 95-percentile, i.e., the voltage fluctuations are skewed toward higher values. This can be explained by random elongations of a normally straight arc, due to arc root movement, or excursions away from the nozzle center line.
B. Differential Method to Obtain Arc Segment Voltage
Since the configurations that were measured have varying contact positions (see Fig. 2 ) with 20-mm steps, it is possible to determine the contribution to the arc voltage by the individual 20-mm-long axial segments. This is done by For most of the segments, there are two sets of configurations that can be subtracted as described earlier. For example, the voltage of the segment from 75 to 95 mm can be calculated by either using the configurations with β = 155 or the ones with β = 175. The results of both possibilities are shown in Fig. 6(c) . If the assumption of independent arc segments were true, the resulting u(i ) curves of one segment (i.e., 75-95 mm) should be identical, independent of whether β = 135 or β = 155 were used. Whenever more than one possibility to calculate one segment was given, the average of the two was calculated (blue circles in Fig. 6 ). Fig. 6 ). Fig. 6 (a)-(h) show the u(i ) characteristics of all eight segments. The circles indicate the calculated median voltage, the crosses and diamonds indicate the two possibilities, as described in Section III-B. The method is probably not exact enough to produce precise numerical values, but there are several qualitative trends that can be identified. First, the axial electric field is generally highest at the throat and in the converging section upstream of it. The segments closest to the inlet, where the gas flow is still slow, and also the segments far downstream of the throat contribute relatively little to the overall arc voltage. Second, the negative trend in u(i ) is most prominent in the converging segment directly upstream of the throat. As shown in Fig. 6(c) , du/di is negative up to about 1000 A. On the other hand, the diverging segment downstream of the throat Fig. 6(f) has an unfavorable positive du/di .
IV. RESULTS
With
In addition, the raw measurements (see Figs. 4 and 5 for two examples) show that the fluctuation of the arc voltage is low for cases where the arc was only downstream of the throat (α > 105 mm), whereas the measurements with mostly upstream segments show greater spread between median, 5-and 95-percentiles, respectively. In general, the two identical tests that were combined to obtain the data for one specific contact configuration were very similar. This is as expected, due to experience from earlier tests that checked for repeatability. However, for strongly fluctuating cases, uncertainty is higher.
V. DISCUSSION
A. Independence of Segments
The method described in Section III assumes that the axial arc segments are independent of each other, and if one arc segment is replaced by the electrode, the remaining arc voltage drops by exactly the contribution of this segment. For the downstream end of the arc, this is a reasonable assumption, since in the diverging part of the nozzle, the flow is supersonic. There is no mechanism how a downstream segment could influence the arc upstream, at least as long as ablation does not change the mass flow and there is no significant clogging of the nozzle by the arc cross section. This can be safely assumed, ablation mass flow was determined to be zero below 500 A and still way below the mass flow rate of the gas up to the maximum current 1600 A in previous work [13] . Furthermore, the pressure signals are in agreement with that assumption as well. Significant changes in the available fluid dynamic cross section, either due to wall material contributing additional mass flow, or the arc diameter decreasing the available cross section, would change the flow. The pressure signal at the nozzle inlet (measured a few centimeters upstream of position zero in Fig. 1 ) would change if experiments with and without current are compared. This is not the case. For the upstream segments, it is not as easy to motivate the assumption. In contrast, high-speed footage even shows that perturbations to the arc (like excursions away from the center line) are carried downstream with the gas flow. However, the upstream segments are exactly the ones which are inaccessible to direct measurements. In order to justify the assumption empirically, the calculated voltages of the segments are summed up again and compared with the measurements. Fig. 7 shows one example for the longest and most upstream arc. The median voltages of the five segments from 35 to 135 mm were calculated, using all 10 relevant different measured configurations, from α = 35 β = 135 up to α = 135, β = 195. The calculated voltage drops of the five segments were then summed up and plotted as blue line. The purple circles indicate the median of the direct measurement. The data agrees very well indicating the assumption is reasonable for the upstream end as well. Furthermore, to give an indication of the robustness of the method, instead of using the average from each segment (blue circles in Fig. 6 ), the higher and lower values were summed up, respectively. This is shown as red dotted line and yellow dashed line in Fig. 7 . The spread between those gives a good indication of the uncertainty of the method. For all eight segments, the reconstructed median lies within 20% of the directly measured values.
However, the segment 115-135 mm which was evaluated twice from both sides shows some inconsistency. Once all the arc was upstream of the segment, and once downstream. In that case, there was a considerable difference in the results, as shown in Fig. 6 (e). This shows the limit of the method, because in case the rest of the arc is upstream of the segment, it shows desired properties due to its negative du/di (crosses), whereas in case the arc is only downstream, it is not beneficial due to positive du/di (diamonds).
In addition, the negative values in Fig. 6 (e) and (g) also show the limits of the method. The most likely explanation for those unphysical values is nonindependence of the segments. Although the opening angle of 10 • theoretically should prevent flow separation and the pressure ratio p inlet / p exit is large enough to exclude normal shocks inside the nozzle, those might still be present toward the end of the diverging part of the nozzle. The stationary contact creates a bow shock right upstream of itself, which obviously changes the flow conditions a few millimeter upstreams.
B. Consequences for Passive Oscillation
The results show that the most favorable segments are the ones right upstream of the throat, where the overall arc voltage is high, and du/di is negative for currents up to 1000 A. This is the converging part of the nozzle, where the gas is accelerated from Mach 0.2 to Mach 1.
With the present nozzle and pin contacts, the optimum configuration would be α = 75 mm, β = 135 mm. A beneficial characteristic of the other segments. Commercial CBs have pin contacts which are significantly bigger than the 5 mm used here, mostly to withstand erosion at high peak currents. Increasing the downstream pin diameter might change that optimum position, due to changes to the supersonic gas flow and bow shock locations. If the pin diameter is not negligible compared to the nozzle cross section, the downstream position can have a significant influence on the flow. The most extreme case is a pin that creates a second, even smaller bottleneck after the nozzle throat, which would change the flow conditions completely. Other effects, such as wall ablation or contact electrode erosion might also change the behavior, especially if they introduce significant amounts of gas or metal vapor into the arcing plasma.
Including the segments upstream of 75 mm would only add a constant voltage independent of current, but no negative differential resistance. Adding a constant offset voltage theoretically should not change the passive oscillation behavior at all. However, the fluctuations around the median also increase, and more fluctuations are probably bad for reliable performance. However, without simulations or experiments that include an LC path in parallel to a gas CB, it is hard to judge how much influence the fluctuations have on breaking performance.
For application in real-sized devices, du/di is required to be negative at realistic load currents, which are about five times higher than the currents available with the flexible pulsed current source. As discussed in [13] , the onset of ablation correlates with du/di becoming zero or positive. Using a more ablation resistant material or increasing the nozzle cross section should move this point to higher currents.
VI. CONCLUSION
Although the presented method requires many steps, it is possible to obtain satisfying results and gain experimental insights into the axial arc voltage distribution and du/di . Some of the segments do have quite large uncertainty in the numerical values for their arc voltage, but for all of the eight segments that were evaluated, at least a trend whether it would be good to have it or not can be given. This is sufficient for the author since exact numerical results are not needed for the intended application. The converging section was clearly identified as a region of interest, and additional parameters like different nozzle contours resulting in different acceleration profiles can be studied in the future. In addition, the effects that lead to this behavior can be studied more theoretically.
Finally, to determine the impact of random arc voltage fluctuations on the performance of passive oscillation breakers either simulations or experiments that include an LC circuit in parallel to a gas CB would be helpful to interpret the results, and tell whether it would be good to exclude or include the segments most upstream. Having it as part of the arcing zone would help to ensure interruption if CZ is reached and prevent dielectric reignition.
